The interaction between PTCDA (3,4,9,10-perylene-tetracarboxylic-dianhydride) molecules and solid rare gas samples is studied by means of fluorescence emission spectroscopy. On the one hand, laser-excited PTCDA-doped large argon, neon and para-hydrogen clusters in comparison with PTCDA embedded in helium nanodroplets are spectroscopically characterized with respect to line broadening and shifting. A fast non-radiative relaxation is observed before a radiative decay in the electronic ground state takes place. On the other hand, fluorescence emission studies of PTCDA embedded in bulk neon and argon matrices results in much more complex spectral signatures characterized by a splitting of the different emission lines. These can be assigned to the appearance of site isomers of the surrounding matrix lattice structure.
I. INTRODUCTION
The spectroscopy of molecules is most of the time an environment-dependent measurement since many species cannot be probed under gas phase conditions. The broadening of the spectral features due to interaction with the substrate on which the molecule is deposited, or with a solvent or matrix in which the molecule is embedded is unavoidable. Furthermore, broadening effects induced by the environment temperature are even more complicating the measurements and their interpretation.
One way to limit both of these effects is to use rare gas matrices. The interaction between a chromophore and, e.g., an argon or neon matrix is much weaker than for other solid substrates and their achievable low temperatures contribute to a drastic improvement in spectroscopic resolution. For this reason many studies on rare gas matrices doped with atoms and smaller molecules have already been published (a compendium of these molecules and their spectral features can be found in Ref. [1] ). Some larger polycyclic aromatic hydrocarbon (PAH) molecules and their ions, embedded in argon or in neon matrices have already been studied: C 60 [2] , naphthalene [3] , phenanthrene [4] , pentacene [5] , 9,10-dichloroanthracene [6] , benzo[g,h,i]perylene [7] and perylene [8, 9] . However, in spite of the improvements resulting from the use of rare gas matrices, the effect of the matrix environment which stabilizes the guest molecule, is still prominent when compared to gas phase studies. This affects mostly the electronic but also the vibrational spectra. The matrix effects on the outcome of a spectrum can be divided in three categories: inhomogeneous broadening, shifting and splitting of lines. [10] [11] [12] As a different approach the interaction can be weakened by supporting the guest molecule on a rare gas surface. This challenging technique can alternatively be realized by using large rare gas clusters instead of bulk matrices. Indeed, due to their solid state, the doping of such clusters after their formation via a pickup process limits the possible localization of the chromophore to surfaces sites. [13] Restricting the occupation of the host cluster to one guest molecule provides samples with isolated molecules. Multiple doping of rare gas clusters in order to increase target density carries the risk to form dimers or oligomers. Indeed, atoms and small molecules (< 10 atoms) are mobile on the surface of rare gas clusters [14] so that in the case of heterogeneous doping of clusters, it could be shown that these clusters can serve as a chemical reaction center for the formation of complexes. [15] More recently 2 the formation of barium-xenon exciplexes on the surface of large argon clusters could be demonstrated. [16] However recent measurements in our group pointed out that this surface mobility does not apply to larger PAHs such as PTCDA and that the molecules stay isolated from each other. [13] The chromophore used in the present work is the PTCDA molecule (3,4,9,10-perylenetetracarboxylic-dianhydride, C 24 H 8 O 6 ). The ability of this perylene derivative to form highly ordered structures on surfaces [17, 18] made it very popular in opto-organic applications and resulted in a large number of spectroscopic studies on a variety of substrates. Moreover, molecules of this type embedded in helium nanodroplets have already been extensively characterized in our group. [19] [20] [21] [22] The present article is the second part of the spectroscopic study of PTCDA attached to rare gas samples and is devoted to fluorescence emission measurements (absorption and excitation measurements are presented in Ref. [13] , later referred to as Paper I). It is structured as follows: first, the fluorescence emission spectroscopy of single PTCDA molecules attached to large argon, neon or para-hydrogen clusters is presented. These complexes are excited at different vibrational levels in order to give an insight on the relaxation process of such complexes. These measurements are compared to those obtained with PTCDA-doped superfluid helium droplets. Then, the fluorescence emission spectroscopy of PTCDA embedded in argon and neon matrices is presented and compared with absorption measurements. The comparison between rare gas clusters and rare gas matrices allows to comment on effects by the crystal structure and of surface vs. inside localization of the chromophore on the spectral signatures. The presented measurements also bridge the gap between measurements obtained in the gas phase or with rare gas clusters and those obtained on surfaces or in the bulk.
II. EXPERIMENTAL SETUP
The experimental setup used for the production of clusters as well as their doping with PTCDA and their spectroscopic study has been thoroughly presented in Paper I and is here only briefly described. Large argon, neon and para-hydrogen clusters as well as helium droplets are obtained via supersonic expansion of high-pressurized gas through a cold nozzle (a few tens of µm). Normal hydrogen is converted into para-hydrogen with the help of an 
III. EXPERIMENTAL RESULTS
A. Emission spectra of PTCDA-doped clusters and excited potential energy curves are quite the same. This was already clear from the comparison between the LIF and Raman spectra of PTCDA. [20, 24] The relative intensities are also very similar in both fluorescence emission spectra and in the mirrored LIF spectrum except for the 0-0 transition which has slightly more intensity in the absorption spectrum.
Emission of PTCDA embedded in helium nanodroplets
The line widths of the emission spectra are determined by the spectrometer, so only an upper limit can be deduced from the spectra. Previous studies on e.g. Mg-phthalocyanine embedded in helium droplets showed a typical FWHM of about 1 cm −1 , comparable to the LIF absorption measurements. [25] One might expect a similar behavior for PTCDA molecules probed in the present experiment.
The excitation of the first vibronic mode (Fig. 1 a) does not result in a fluorescence at this energy (dashed line in Fig. 1 (a) ) but leads to an unshifted spectrum when compared to the 0-0 excitation. This indicates a fast non-radiative process into the ground level of the excited state S 1 from which the fluorescence process into the ground state S 0 takes place.
We measured the radiative lifetime for this transition to 5.5±0.5 ns (see Ref. [26] for the method).
From the results on fluorescence emission spectroscopy of Mg-phthalocyanine a similar process has been concluded. However, for that molecule the excitation of higher vibrational modes results in a splitting of the lines in the fluorescence spectrum. This was interpreted not to be originated from radiating higher vibronic levels, but related to different helium solvation configurations around the molecule. [25] Such a splitting, if present, would not be observable in our experiment because of the spectral resolution of the instrument.
Large para-hydrogen clusters
Similar to the measurements on helium droplets, fluorescence emission spectroscopy of PTCDA attached to large para-hydrogen clusters has been performed. In Fig. 2 the results are displayed for three different excitation energies. The emission spectrum obtained upon the excitation of the 0-0 line at 20 386 cm −1 (Fig. 2 (c) An extra broadening mechanism in the absorption spectrum is expected to originate from the strongly reduced lifetime due to the vibrational relaxation which increases at higher excitation energies due to the increasing number of relaxation channels.
The fluorescence emission spectrum for the excitation of the first vibration of the S 1 state is shown in Fig. 2 (b) . The excess energy of 230 cm −1 compared to the 0-0 transition is, as in the helium spectrum, completely dissipated prior to the radiative decay. The only difference observed is a slight increase of the FWHM to 47 cm −1 . For an even larger excess energy value (534 cm −1 ), which corresponds to vibrational mode at 20 920 cm −1 in the LIF spectrum (radial stretching mode of C-C bonds; Fig. 2 a) , the spectrum is again identical to the others, now having an increased FWHM of about 60 cm −1 . Taking into account the broadening coming from the spectrograph, still the effective line widths are smaller compared to the absorption measurements. An increase of the FWHM with the excess energy was also observed in the fluorescence emission spectra of perylene in an argon supersonic jet. [27] In that case, it was observed that an excess energy of 1 600 cm −1 results in an increase of the FWHM of the peaks from ∼ 10 to ∼ 220 cm −1 . This broadening of the optical features with the excess excitation energy was interpreted by an increased number of relaxation paths to the ground state and/or due to extra non-radiative decay channels in the electronically excited state.
Similar to the measurements in helium droplets, no hot bands are observed upon the excitation of higher vibronic levels. Therefore, also the vibrational excited molecules attached to para-hydrogen clusters exhibit a fast non-radiative decay into the vibrational ground level of the S 1 state, followed by a radiative transition into the S 0 state. It has to be noted that we see no indication for any fluorescence quenching by the hydrogen environment, as has been observed in alkalis attached to hydrogen clusters. [28] 3. Large argon and neon clusters
The fluorescence emission spectrum of PTCDA attached to large argon clusters is displayed in Fig. 3 (a) for the excitation of the 0-0 transition (20 216 cm −1 ). This spectrum is compared to the mirrored LIF absorption spectrum ( Fig. 3(b) ). vibronic levels does not result in any hot band emission. The small peak at 22 088cm −1 in Fig. 4 (a) is unambiguously assigned to the Rayleigh scattering of the excitation laser on the cluster beam and is also observed with an identical intensity for an undoped neon cluster beam.
B. Fluorescence in a rare gas bulk matrix
Neon matrix
The fluorescence emission spectrum of PTCDA embedded in a neon matrix is displayed in the upper part of Fig. 5 and is much more complex when compared to the just introduced having different relative intensities depending on their relative abundance. The absorption spectra of perylene, a similar molecule to PTCDA, has been measured in rare gas matrices too and showed also a splitting of the main features. Each main transition was split in two components in a neon matrix, in five in an argon matrix and six in a krypton matrix, respectively. [9, 29] .
Following the idea of splitting, the spectrum can be reproduced by superposing identical replicas of a reference spectrum of PTCDA (Fig. 5, middle) . The reference spectrum used is the LIF spectrum of PTCDA embedded in helium droplets (see Fig.1 
Argon matrix
The fluorescence emission spectrum in a solid argon matrix is shown in Fig. 6 and evidently demonstrates the stronger host-guest interaction by an enhanced red-shift of roughly 800 cm −1 when compared to the neon matrix spectrum. The relative shift is quite simi-lar to that found for perylene (788 cm −1 ). [9] The broadening of the individual constituents is about 25 cm −1 which also is significantly enhanced when compared to neon (16 cm −1 ).
The larger perturbation of the spectra can be related to a stronger interaction between the chromophore and the matrix, mainly caused by a larger polarizability. [1, 29] Beside the interaction strength, the matrix temperature is known to play an important role on line widths. Crépin et al. showed for 9,10-dichloroanthracene in argon matrices that the typical line width varies between 12 cm −1 at 12 K and up to 30-40 cm −1 at 25 K. [6] Due to the widths of the different peaks and their proximity to each other it is not possible to evaluate the line shapes and their possible asymmetry. In the present studies we
were not able to record an absorption spectrum due to the weak transmission of our argon matrix caused by smaller grain sizes compared to neon matrices resulting in stronger light scattering. [13, 30] Employing the same procedure as for neon, the argon spectrum can be reproduced with six replicas of the mirrored LIF spectrum of PTCDA in helium droplets convoluted with a Gaussian distribution 25 cm −1 in width. These (cf. a to f at the bottom of vibrational modes of different site isomers of PTCDA in the rare gas matrices. In conclusion, the combination of cluster and matrix spectra together with the quite well resolved emission spectra of doped matrices provide a conclusive assignment of the measured intensities. In particular also the quite broad absorption spectra can be understood within the framework of the inhomogeneity of different site isomers.
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